Shared genetic origin of asthma, hay fever and eczema

elucidates allergic disease biology

SUPPLEMENTARY NOTE

Contents

1. Participating studies

2. Contributors to the 23andMe Research Team

3. Collaborators of the Australian Asthma Genetics Consortium

4. BIOS Consortium

5. Collaborators of the LifeLines Cohort Study

6. Literature supporting a role in allergic disease for genes highlighted in Table 1
7. Procedure used to identify variants reported to be associated with allergic disease in
previous GWAS

8. Procedure used to identify genes that were unlikely to have been previously
implicated in the pathophysiology of allergic disease

9. References

Page

37
38
40
42

44

45

46

47



1. Participating studies

UK Biobank (n=138,354)

Sample ascertainment and phenotype definition. The UK Biobank study is a prospective study of

502,682 participants recruited at 22 centers across the UK between 2006 and 2010 . We used data from
the UK Biobank Resource under Application Number 10074. We downloaded data-fields approved as
part of this application on the 21st of March 2016, and restricted our analysis to a subset of 152,566
individuals with available genotype data at that time.

To classify asthma status, we combined information from three sources: (1) touchscreen
questionnaire (data-field 6152); (2) Non-cancer illness code, self-reported during verbal interview
(data-field 20002); (3) main (data-field 41202) and secondary (data-field 41204) ICD10 diagnoses.
Specifically, inclusion criteria for cases were: (i) a report of “Asthma” in field 6152 and a code for
asthma (1111) in field 20002; or (ii) an ICD10 code for asthma in fields 41202 or 41204, including any
one of J45.0, J45.1, J45.8, J45.9 and J46. Exclusion criteria for cases were: (i) a report of COPD in
fields 6152 or 20002 (code 1112); or (ii) other self-reported respiratory diseases in field 20002 (codes
1113, 1114, 1115 and 1117). Inclusion criteria for controls were no report of asthma in fields 6152,
20002, 41202 and 41204. Exclusion criteria for controls were the same as for cases (no COPD or other
self-reported respiratory diseases). According to this definition, we identified 17,456 cases, 129,763
controls and 5,347 with a missing phenotype.

To create the hay fever phenotype, we used the same three sources of information. Specifically,
inclusion criteria for cases were: (i) a report of “Hay fever, allergic rhinitis or eczema” in field 6152
and a code for hay fever (1387) in field 20002; or (ii) an ICD10 code for hay fever in fields 41202 or
41204, including any one of J30.0, J30.1, J30.3, J30.4 and J31.0. Inclusion criteria for controls were no
report of hay fever in fields 6152, 20002, 41202 and 41204. According to this definition, we identified

8,004 cases, 116,712 controls and 27,850 with a missing phenotype.



The eczema phenotype was created very similarly to the hay fever phenotype. Inclusion criteria
for cases were: (i) a report of “Hay fever, allergic rhinitis or eczema” in field 6152 and a code for
eczema (1452) in field 20002; or (ii) an ICD10 code for eczema in fields 41202 or 41204, including
any one of L20.8, L20.9 or L30.9. Inclusion criteria for controls were no report of eczema in fields
6152, 20002, 41202 and 41204. According to this definition, we identified 3,234 cases, 116,592
controls and 32,740 with a missing phenotype.

For the overall allergic disease phenotype, cases were individuals classified as suffering from at
least one condition (asthma and/or hay fever and/or eczema), as described above. Controls were
individuals classified as not having suffered from all three conditions. Additional exclusion criteria for
controls included codes for anaphylaxis (1374), allergy to food (1385), allergy to drug (1386), allergy
to house dust mite (1668), contact dermatitis (1669), allergy to elastoplast (1670) or allergy to nickel
(1671) in field 20002. Overall, we identified 44,413 cases, 100,574 controls and 7,579 individuals with
a missing phenotype. This sample size was reduced further to 42,246 cases, 96,108 controls and 7,295
missing after exclusions based on ancestry and other genotyping QC filters (see section below).

For the case-only single-disease analyses, we defined three non-overlapping groups of
individuals based on the presence of the three individual diseases: (1) asthma-only cases: individuals
classified as suffering from asthma but not hay fever and eczema (A+H-E-; n=8,769 after QC); (2) hay
fever-only cases: individuals classified as suffering from hay fever but not asthma and eczema (A-
H+E-; n=4,838); and (3) individuals classified as suffering from eczema but not asthma and hay fever
(A-H-E+; n=1,538).

Age-of-onset information was obtained from two data-fields: 3786 (“Age asthma diagnosed”)
and 3761 (“Age hay fever, rhinitis or eczema diagnosed”). For each individual, the minimum of these
two was taken as the earliest any one allergic disease was first diagnosed. For the analyses of disease-

specific age-of-onset, we only considered age-of-onset information for individuals from the three



single-disease groups described above.

Genotyping, quality control and imputation. The procedures used by the UKBiobank for genotyping,

QC and imputation have been described in previous publications (eg. %). We first downloaded directly
genotyped data for 152,566 individuals and 847,442 variants. We then analyzed these data with PLINK
v1.90b3.36 * to identify individuals of European ancestry as follows. First, we identified common
SNPs (minor allele frequency >5%) in low linkage disequilibrium with each other using the —indep-
pairwise option, with arguments “500 kb 5 0.1”. Second, we restricted the analysis to SNPs also present
in the 1000 Genomes Project (release 20101123), with call rate >95% and Hardy-Weinberg equilibrium
P-value >10°, and that were not A/T or C/G polymorphisms. Third, we merged the UK Biobank and
1000 Genomes project data (n=1,092, representing 14 ancestry groups) and performed multi-
dimensional scaling (MDS) analysis to identify individuals who clustered closely to Europeans of the
1000 Genomes project. Because of computational limitations, the latter step was carried out after
splitting the UK Biobank data in two 10 groups of ~15,000 individuals each. To identify individuals
clustering with Europeans of the 1000 Genomes project, we calculated the mean for the first and
second MDS components based on individuals from the five European ancestry groups (CEU, GBR,
FIN, IBS and TSI) of the 1000G project, and then selected all UK Biobank individuals within 5
standard deviations (SD) of those means. With this approach, which is illustrated below for the first
group of ~15,000 individuals (boxes show 5 SD from the mean for each of the three major ancestry
groups), we identified 146,267 individuals (95.9%) of European ancestry, which were retained for
further analyses. Plots for the remaining 9 groups of individuals look identical (not shown). The
UKBILEVE study * used a similar approach to define ancestry, with a less stringent cut-off (10 SD

from the mean).
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Figure. Multi-dimensional scaling (MDS) analysis of identity-by-state allele sharing between samples of the UK
Biobank study (in grey; n=15,211, ie. 1/10 of full dataset) and of the 1000 Genomes Project Phase 3 (different colors
reflecting 14 ancestry groups). Box edges represent +/- 5 SD from the mean of MDS1 and MDS2, calculated separately
for Europeans (green; CEU, GBR, FIN, IBS and TSI), Asians (blue; CHB, JPT and CHS) and Africans (red; ASW, YRI and

LWK). The number of UK Biobank individuals inside each box (and so classified in that ancestry group) are indicated.

Lastly, we excluded from analysis an additional 176 individuals with a mismatch between self-reported
and genetically-inferred sex, and 442 individuals with outlier heterozygosity (data-field 22010). After
these exclusions, data were available for 145,649 individuals, including 42,246 allergic disease cases,
96,108 controls and 7,295 with a missing phenotype. The genotype data was used to impute
unmeasured autosomal SNPs based on a combined UK10K and 1000 Genomes Phase 3 reference panel

as described by the UK Biobank team (http://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=157020); these data

were downloaded as part of our approved application. We imputed data on the X-chromosome using
the 1000 Genomes Phase 3 Oct2014 release reference panel as follows. First, we applied standard SNP-
based QC filters using PLINK to the array data (21,231 SNPs on the X-chromosome), namely

exclusion of SNPs with: call rate <95%, Hardy Weinberg equilibrium P<10®, MAF<1% (based on
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Europeans only), alleles that were different from 1000 Genomes data, allele frequency differences
against 1000 Genomes data (P<0.005), leaving 12,535 SNPs for imputation. We also restricted
imputation of the X-chromosome to unrelated individuals (IBD<0.125). Second, we used IMPUTE2 °
to impute unmeasured variants using the 1000 Genomes Phase 3 Oct2014 release reference panel in
males and females jointly with the options —chrX and —Ne 20000. We split the X-chromosome into 77

5Mb-jobs for imputation.

Association analysis. Most (95%) but not all of the 138,354 individuals available for analysis were

unrelated to each other (based on an identity by descent cut-off of 0.125). To account for relatedness,
the association between the main allergic disease phenotype and imputed SNPs was carried out using
the linear mixed model implemented in BOLT-LMM ¢, with age, sex and SNP chip included as
covariates. We used directly genotype data for 443,239 pruned (r’<0.9) post-QC (including MAF>1%,
call rate >90%, HWE P>0.0001) SNPs to estimate the random effect attributed to variants other than
the one being tested. For each SNP, the beta and SE estimated from the linear model were then adjusted
using the formulae adj beta = beta/(mu*(1-mu)) and adj_SE = SE/(mu*(1-mu)), where mu is
approximated by the case/control ratio.

For the case-only single-disease analyses, as well as for age-of-onset (which was quantile
normalized), association analyses were restricted to unrelated individuals only (IBD<0.125, given very
small number of relatives) and performed with SNPTEST, with the options -method expected and -
frequentist 1. Sex and age (single-disease only) were included as covariates. Two sets of association
analyses were performed for age-of-onset. First, we analysed the earliest age-of-onset reported for any
one allergic disease by 35,972 unrelated individuals. Second, we repeated the analysis of age-of-onset
in each of three groups: asthma-only cases (n=7,445), hay fever-only cases (n=4,232) and eczema-only

cases (n=1,225). Age-of-onset was quantile normalized separately for each group. For a given SNP,



differences in effect size (beta) between groups were quantified using the formula z = sigma /
SE_sigma, where sigma = beta_groupA — beta_groupB, and SE_sigma = sqrt(SE_beta_groupA”2 +
SE_beta_groupB”2), which follows a normal distribution.

SNPTEST was also used for association analysis of X-chromosome variants, assuming a model
of full X inactivation in females (options —method newml —frequentist 1). In this model, male

genotypes are encoded as 0 or 1 and females as 0, %2 or 1.

23andMe (n=118,269)

Sample ascertainment and phenotype definition. All research participants included in the analyses

provided informed consent and answered surveys online according to our human subjects protocol,
which was reviewed and approved by Ethical & Independent Review Services, a private institutional

review board (http://www.eandireview.com). We restricted participants to a set of individuals who have

>97% European ancestry, as determined through an analysis of local ancestry. Briefly, our algorithm
first partitions phased genomic data into short windows of about 100 SNPs. Within each window, we
use a support vector machine (SVM) to classify individual haplotypes into one of 31 reference
populations. The SVM classifications are then fed into a hidden Markov model (HMM) that accounts
for switch errors and incorrect assignments, and gives probabilities for each reference population in
each window. Finally, we used simulated admixed individuals to recalibrate the HMM probabilities so
that the reported assignments are consistent with the simulated admixture proportions. The reference
population data is derived from public datasets (the Human Genome Diversity Project, HapMap, and
1000 Genomes), as well as 23andMe customers who have reported having four grandparents from the
same country. A maximal set of unrelated individuals was chosen for each analysis using a segmental
identity-by-descent (IBD) estimation algorithm ’. Individuals were defined as related if they shared

more than 700 cM IBD, including regions where the two individuals share either one or both genomic
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segments identical-by-descent. This level of relatedness (roughly 20% of the genome) corresponds
approximately to the minimal expected sharing between first cousins in an outbred population.

The asthma phenotype combines reports of asthma diagnoses from five sources:

1) Your Health Profile Survey: Have you ever been diagnosed or treated for any of the following
conditions?' (Asthma: Yes, No, Don't Know); 2) Your Medical History Survey: Have you ever been
diagnosed by a doctor with any of the following types of _allergies_?' (Asthma: Yes, No, | don't know);
3) Allergies and Asthma Survey: Have you ever had an asthma attack? (Yes, No, I'm not sure); 4)
Asthma Survey: Have you ever been diagnosed by a doctor with asthma or bronchial asthma?' (Yes,
No, I'm not sure); and 5) The Roots into the Future intake form Survey: Have you ever been diagnosed
or treated for any of the following conditions?' (Asthma: Yes, No, Don't Know). We merged the yes/no
responses from these questions, with inconsistent responses scored as missing: cases have at least one
positive response and no negative responses, and controls have at least one negative response and no
positive responses.

The ‘hay fever’ phenotype combines answers from three sources: 1) Asthma Survey: Have you
ever had any of the following? Please check all that apply: Allergic rhinitis (stuffed or dripping nose
caused by allergies) (Yes, No); 2) Quick question used in Research snippet: Have you ever been
diagnosed with hay fever (allergic rhinitis)? (Yes, No, | am not sure); and 3) Allergy Survey: A series of
questions on allergy symptoms to grasses, trees, weeds, cats, dogs, dust mites and mold. An example
one is worded as “What type of reaction did you have after being exposed to trees? Please check all
that apply: Itchy or runny nose” (Yes, No). We merged the yes/no responses from the above questions,
with inconsistent responses scored as missing: cases have at least one positive response and no negative
responses and controls have at least one negative response and no positive responses.

The eczema phenotype comes from nine sources: 1) Your Medical History Survey:

Have you ever been diagnosed by a doctor with any of the following autoimmune conditions?



(Eczema)' (Yes, No, I don't know); 2) The Roots into the Future intake form survey: Has a doctor ever
told you that you have any of these skin conditions? Please check all that apply. (Eczema, Keloids,
Psoriasis, Other skin condition, I'm not sure, None of the above); 3) Allergies and Asthma survey:
Did you have any of the following problems as a child (age 17 or younger)? Eczema (atopic dermatitis)
(Yes, No, I'm not sure); 4) Asthma survey: Have you ever had any of the following? Please check all
that apply: Atopic dermatitis/Eczema (chronic itchy and scaly skin rashes caused by allergies); 5)
Question used in Allergies and Inflammatory Bowel Disease Community surveys: Did you have any of
these problems before you were 18 years old? Eczema (atopic dermatitis) (Yes, No, I'm not sure); 6)
Question used in Research snippet and Your Profile and Health History survey: Have you ever been
diagnosed with eczema? (Yes, No, I'm not sure); 7) Your Health and Health History survey: Question 1:
What autoimmune diseases have you been diagnosed with? Please check all that apply: Eczema;
Question 2: Have you ever been diagnosed or treated for any of the following conditions? An
autoimmune disease (a disease in which your immune system attacks part of your body) (Yes, No, I'm
not sure); 8) Your Health and Health History survey: Question 1: What skin conditions have you had?
Please check all that apply. Eczema (Yes, No, I'm not sure); Question 2: Have you ever been diagnosed
or treated for any of the following conditions? A skin condition; and 9) Health Followup Survey: In the
last 2 years, have you been newly diagnosed with or started treatment for any of the following
conditions? Eczema (Yes, No, I'm not sure). Answers to these questions were combined according to
the following steps: Step 1, a combined phenotype is first assigned based on the first unambiguous
response from the questions in sources 1 to 6: cases and controls are first assigned based on the
question in “Your Medical History™, then for individuals who were not classified, the subsequent
questions in sources 2 to 6 are used in the given order. Step 2, another phenotype is assigned based on
the two questions in source 7: cases answered "yes" to the first question and controls answered "no" to

both questions. Step 3, a third phenotype is assigned based on the two questions in source 8: cases



answered "yes" and controls answered "no" to both questions. Step 4, a fourth phenotype is assigned
based on the one question in source 9: cases answered "yes" to the question and controls answered "no"
to the question. The final 'eczema’ cases are defined as being "case" in at least one of the above four
phenotypes, controls are defined as being "control™ in at least one of the above four phenotypes. When

discordant, we assume the 'case’ answer is correct.

Genotyping, quality control and imputation. DNA extraction and genotyping were performed on saliva

samples by CLIA-certified and CAP-accredited clinical laboratories of Laboratory Corporation of
America. Samples have been genotyped on one of four genotyping platforms. The V1 and V2 platforms
were variants of the Illumina HumanHap550+ BeadChip, including about 25,000 custom SNPs
selected by 23andMe, with a total of about 560,000 SNPs. The V3 platform was based on the Illumina
OmniExpress+ BeadChip, with custom content to improve the overlap with our V2 array, with a total
of about 950,000 SNPs. The V4 platform in current use is a fully custom array, including a lower
redundancy subset of V2 and V3 SNPs with additional coverage of lower-frequency coding variation,
and about 570,000 SNPs. Samples that failed to reach 98.5% call rate were re-analyzed. Individuals
whose analyses failed repeatedly were re-contacted by 23andMe customer service to provide additional
samples, as is done for all 23andMe customers.

Participant genotype data were imputed against the March 2012 “v3” release of 1000 Genomes
reference haplotypes 8. We phased and imputed data for each genotyping platform separately. First, we
used Beagle (version 3.3.1) ? to phase batches of 8000-9000 individuals across chromosomal segments
of no more than 10,000 genotyped SNPs, with overlaps of 200 SNPs. We excluded SNPs with Hardy-
Weinberg equilibrium P<10-20, call rate < 95%, or with large allele frequency discrepancies compared
to European 1000 Genomes reference data. Frequency discrepancies were identified by computing a

2x2 table of allele counts for European 1000 Genomes samples and 2000 randomly sampled 23andMe
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customers with European ancestry, and identifying SNPs with a chi squared P<10—15. We imputed
each phased segment against all-ethnicity 1000 Genomes haplotypes (excluding monomorphic and
singleton sites) using Minimac2 *°, using 5 rounds and 200 states for parameter estimation. For the non-
pseudoautosomal region of the X chromosome, males and females were phased together in segments,
treating the males as already phased; the pseudoautosomal regions were phased separately. We then
imputed males and females together using minimac, as with the autosomes, treating males as

homozygous pseudo-diploids for the non-pseudoautosomal region.

Association analysis. For case control comparisons, we computed association test results by logistic

regression assuming additive allelic effects. For tests using imputed data, we used the imputed dosages
rather than best-guess genotypes. We included as covariates age, gender, and the top five principal
components to account for residual population structure. The association test P value we report is
computed using a likelihood ratio test, which in our experience is better behaved than a Wald test on
the regression coefficient. Results for the X chromosome are computed similarly, with male genotypes

coded as if they were homozygous diploid for the observed allele.
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GERA (n=51,218)

Sample ascertainment and phenotype definition. The Genetic Epidemiology Research in Adult Health

and Aging (GERA) cohort includes 110,266 adult members of the Kaiser Permanente Medical Care
Plan, Northern California Region (KPNC) and has been described in detail **. In this study, we focused
on subjects who were at least 18 years of age at time of the survey who were of non-Hispanic white
race/ethnicity. All study procedures were approved by the Institutional Review Board of the Kaiser
Foundation Research Institute.

Allergic cases in the GERA cohort were identified from clinical diagnoses captured within the
Kaiser EHR system using Internal Classification of Disease, Ninth Edition(ICD9) codes. Asthma was
defined using ICD9 codes 493, 493.01, 493.1, 493.11, 493.82, 493.9, 493.91, and 493.92. Hayfever
was defined using ICD9 codes 477, 477.1, 477.2, 477.8, and 477.9. Eczema was defined with 1CD9
code 691.8. Cases and controls were exluded from the analysis if ever recorded with ICD9 codes

related to COPD.

Genotyping, quality control and imputation. DNA samples were extracted from Oragene kits (DNA

Genotek Inc., Ottawa, ON, Canada) at KPNC and genotyped at the Genomics Core Facility of the
University of California, San Francisco (UCSF) Affymetrix Axiom arrays (Affymetrix, Santa Clara,
CA, USA). The design details and genome-wide coverage of those arrays have been previously
described ***2. High genotype quality control (QC) procedures for the GERA cohort were performed on
an array-wise basis as described in detail elsewhere®. Using strict QC criteria, including, initial
genotyping call rate > 97%, allele frequency difference (< 0.15) between males and females for
autosomal markers, and genotype concordance rate (> 0.75) across duplicate genetic markers, around
94% of samples and more than 98% of genetic markers assayed passed QC procedures . Prior to

imputation, we additionally excluded genetic markers with a minor allele frequency (MAF) < 1%, or a
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genotype call rate < 90%. Pairwise genetic relatedness was assessed using KING **: subjects with
kinship coefficients >=0.177 were excluded.

Following the pre-phase of the genotypes with Shape-IT v2.5 *°, genetic markers were imputed
from the cosmopolitan reference panel 1000 Genomes Project (phase | integrated release) using
IMPUTE2 v2.3.1 °. Herein, we reported imputed markers with info-metric r*> 0.3 and MAF > 1%; all
reported genotyped markers exceeded a genotype call rate > 98%, and a p-value > 0.001 for Hardy-

Weinberg equilibrium deviation.

Association analysis. Association analyses were conducted using PLINK10 v1.90b3.39. We assessed

single-marker associations with allergic phenotypes using logistic regression. We assumed an additive
genetic model using allele counts (i.e., 0, 1, or 2 copies of the minor allele) for typed markers or
additive dosages for imputed markers, adjusting for age at survey, sex and 10 ancestry principal

components (PCs). To calculate the PCs, we used Eigenstrat v4.2 '® as previously described *'.

Acknowledgments and funding. This work was supported by NIH postdoctoral training grant

CA112355.

CATSS (n=11,068)

The Child and Adolescent Twin Study in Sweden (CATSS) is the first of three cohorts from the
Swedish Twin Registry (STR) that contributed to the meta-analysis. The other two were TwinGene
(born 1911-1958) and Screening Across the Lifespan Twin Study: the Younger (SALTY, born 1943-
1958). A detailed summary of the collection of biosamples within these three cohorts is available in

18-21

previous publications and briefly outlined below. Genotyping was dependent on biosample

availability and quality of extracted DNA. As the cohorts include both identical (monozygotic, MZ)
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and fraternal (dizygotic, DZ) twin pairs, genotyping was carried out for only one of the twins within
MZ pairs and imputed in the other. In DZ pairs with available biosamples, both were genotyped when
possible. The phenotype definitions within the STR cohorts were created using a combination of
questionnaire data; population-based register data sources; the Swedish National Patient Register from
1987, and the Swedish Prescribed Drug Register from July 2005. All studies were approved by the
Regional Ethical Review Board in Stockholm, Sweden and all participants gave informed consent.

Here, we summarise methods for CATSS, with the other two studies described separately below.

Sample ascertainment and phenotype definition. The CATSS is an ongoing longitudinal twin study

targeting all twins born from 1992 and living in Sweden. Since 2004, twins are invited to participate in
CATSS following their ninth birthday. During the first three years of data collection, twelve-year-old
twins were also invited. Participation in CATSS starts with a parental telephone interview on the
children’s health, perinatal factors, living situation. A module including questions regarding the twin
pair’s physical similarities is the basis for an algorithm-based assessment of zygosity. Since 2008, twins
have also been offered a DNA-based zygosity test using the saliva samples collected by mail in
connection with invitation to the study. DNA from saliva is then stored in the biobank of Karolinska
Institutet. To date, approximately n=29100 twins have participated in CATSS-9/12.

Asthma was defined as: 1) Answered YES to the question “You have said that X have or have
had asthma, did X get it diagnosed by a doctor?”’; or 2) Received at least one of the following diagnoses
in the Swedish National Patient Register: ICD-10 J45 or J46 and ICD-9 493; or 3) Had at least two
dispenses for any of the following prescriptions in the Swedish Prescribed Drug Register: RO3AC,
RO3AK, RO3BA or RO3DC.

Hayfever was defined if the study participant had answered YES to at least one of the

following: 1) “Has the child been diagnosed with hay fever by a doctor?”; or 2) “Has the child been
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diagnosed with pollen allergy by a doctor?”’; or 3) “Has the child been diagnosed with fur allergies by a
doctor?”.

Eczema was defined if the study participant had answered YES to “Has the child been
diagnosed with atopic dermatitis or atopic eczema by a doctor?”.

Exclusion for the controls included an affirmative response to any of the above criteria; if they
had any dispense of RO3AC, RO3AK, RO3BA or R0O3DC,; if they had answered that the child had food
allergies like celiac disease or lactose intolerant; or if they answered yes to any of the following: Has or

has the child had asthma, hay fever or eczema.

Genotyping, quality control and imputation. Saliva samples from the CATSS and SALTY (described

below) cohorts were analysed jointly. DNA was extracted using either the Chemagic STAR instrument
from Hamilton Robotics, with magnet bead purification kits from Chemagen, or the Puregene
extraction kit (Gentra systems, Minneapolis, USA). Genotyping was performed in 18 batches at the
SNP&SEQ Technology Platform in Uppsala, Sweden, using the Illlumina PsychArray bead chip.
Genotype calls from the zCall algorithm for rare variants were combined with those from the Illumina
GenCall algorithm to increase sensitivity at low minor allele frequencies. After initial intensity-level
quality control, 18,193 samples remained. Additional QC filtering was applied as follows: SNPs with
missingness > 2%, SNPs with more than 10% discordant genotypes across replicates or MZ pairs,
SNPs out of Hardy-Weinberg equilibrium (exact test P-value < 10-6), SNPs with clear batch effects or
absolute MAF difference from 1000 Genomes European samples > 10%, Y-chromosome and
mitochondrial SNPs, and SNPs with minor allele count <= 1 were all excluded. Further, individuals
with missingness > 2%, individuals with deviant autosomal heterozygosity (autosomal inbreeding
coefficient F outside [-0.02, 0.02]), individuals showing excessive mean relatedness to the rest of the

sample (mean relatedness > 6 s.d. above the sample mean), individuals where genotype-based sex did
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not match phenotype information, and individuals identified as non-European ancestral outliers were
excluded. Non-genotyped monozygous twins in the study were imputed from their genotyped twin,
resulting in a total of 21,752 individuals with genotypes. The actual number of samples used for the
present analyses was limited by the available phenotype data, and is presented in Supplementary
Table 2. Genotypes were imputed to the 1000 genomes phase 3 version 5 reference panel using Shapeit

v2.r790 *® and Minimac version 1.0.13 °.

Association analysis. Analyses were performed on imputed genotype dosages using

RAREMETALWORKER version 4.13.8. The software implements a linear mixed model association
test, with the kinship matrix constructed from provided zygosity information. Effect estimates and
standard errors from the linear mixed model were transformed in order to be comparable to those from
logistic models, as described above for the UKBiobank study. Analyses were adjusted for sex and the

first four ancestry principal components.

NTR (n=10,242)

Sample ascertainment and phenotype definition. Genotyped participants within the Netherlands Twin

Register (NTR) represent a cross-section of all NTR participants. The NTR is a longitudinal twin-
family study with no other selection criteria than being a multiple or one of their family members. The
phenotype data analysed in this study were obtained via surveys sent out to all NTR participants %%
and/or collected during an interview in biobank studies 2**°. As the NTR collects information in
families, the genotyped population included related individuals and MZ twins.

Asthma was defined based on nine NTR surveys sent out between 1991 and 2010, which

included the following questions: “Has a doctor ever concluded that you suffer from asthma or

bronchitis?”” and “Have you ever been prescribed medication for asthma or bronchitis?”. Subjects could
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answer yes or no to these questions. In addition, in the biobank projects conducted between 2004 and
2011, participants were asked in an interview to indicate any chronic diseases they suffered from and
report their medication use. The presence of asthma was indicated when: 1) as part of the biobank
project, asthma and/or asthma-specific medication was reported, and/or 2) the participant responded
“yes” to one or both questions listed above. In the case of multiple reports, consistency across time was
checked. Participants who indicated in the surveys that they never received an asthma diagnosis and
never had asthma medication prescribed and who did not report the presence of asthma or asthma
medication use in the biobank project were classified as controls.

The same nine surveys as used for asthma also included the questions “Has a doctor ever
concluded that you suffer from allergy or hay fever?” and “Have you ever been prescribed medication
for allergy or hay fever?”. Hay fever was defined in a similar way based on biobank reports of disease
and medication and on the survey answers to the question whether they were ever diagnosed with hay
fever and/or ever used medication for hay fever.

Eczema was indicated when participants reported eczema in the biobank project when asked for
the presence of chronic diseases or reported eczema in the surveys in response to an open question
about the presence of diseases. In the case eczema was not indicated in surveys or biobank projects,

participants were considered to be controls.

Genotyping, quality control and imputation. DNA samples were genotyped with the lllumina Human

Quad-Beadchip 660K, Illumina Omni 1M (1000K), Perlegen-Affymetrix chip 600K or Affymetrix 6.0
760K arrays. Quality control filters included removal of SNPs if allele frequency difference > 0.10 with
GONL project samples; MAF < 0.005; HWE < 10-12; and/or call rate < 0.95. Individual samples were
removed from the analysis if heterozygosity -0.075 < F < 0.075 (476 samples removed); genotype call

rate < 0.90 (457); DNA sex did not match phenotype (395); IBS status of family relations fail (822);
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Mendelian error rate > 5 sd’s from mean (4); and Affymetrix CQC < 0.40 (322). Ethnic outliers were
identified using PC analysis. Genotypes were imputed to the 1000 genomes phase 3 version 5 reference

panel using the Michigan Imputation server.

Association analysis. To account for the presence of relatives, we used the mixed linear model based
association analysis implemented in GCTA %, specifically the --mlma-loco option. We included age,
sex and 20 principal components for ancestry as covariates. Beta and SE estimates from the linear
model were then adjusted to be comparable to those obtained from logistic models as described above

for the UKBiobank study.

Acknowledgments and funding. This study was supported by multiple grants from the Netherlands

Organization for Scientific Research (NWO: 016-115-035, 463-06-001, 451- 04-034); ZonMW
(31160008, 911-09-032); and NWO 480-15-001/674: Netherlands Twin Registry Repository:
researching the interplay between genome and environment; The Amsterdam Public Health Institute
(APH) and Neuroscience Campus Amsterdam (NCA); Biomolecular Resources Research Infrastructure
(BBMRI-NL, 184.021.007), European Research Council (ERC-230374); Genotyping was made
possible by grants from NWO/SPI 56-464-14192, Genetic Association Information Network (GAIN)
of the Foundation for the National Institutes of Health, Rutgers University Cell and DNA Repository
(NIMH U24 MH068457-06), the Avera Institute, Sioux Falls (USA) and the National Institutes of
Health (NIH R01 HDO042157-01A1, MH081802, Grand Opportunity grants 1RC2 MH089951 and

1RC2 MH089995).

LifeLines (n=8,560)

Sample ascertainment and phenotype definition. The LifeLines Cohort Study is a multi-disciplinary
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prospective population-based cohort study examining in a unique three-generation design the health
and health-related behaviors of 167,729 persons living in the North of the Netherlands. It employs a
broad range of investigative procedures in assessing the biomedical, socio-demographic, behavioral,
physical and psychological factors which contribute to the health and disease of the general population,
with a special focus on multi-morbidity and complex genetics %. Between 2006 and 2013, inhabitants of
the northern part of The Netherlands and their families were invited to participate, thereby contributing
to a three-generation design. Participants visited one of the LifeLines research sites for a physical
examination, including lung function, ECG and cognition tests, and completed extensive
questionnaires. Baseline data were collected for 167 729 participants, aged from 6 months to 93 years.
Follow-up visits are scheduled every 5 years, and in between participants receive follow-up
questionnaires. For genotyping only unrelated (usually the oldest person in the family available at the
time of genotyping), Caucasian-ancestry samples were selected.

Asthma was defined based on a self-reported doctor diagnosis of asthma provided in health
questionnaires. Hay fever cases were participants who reported ever having had nasal allergies,
including hay fever. Eczema cases were those who reported ever having had eczema. Controls were
defined as having no asthma, no hay fever, and no eczema, In addition, we excluded controls with
COPD (defined as FEV1%FVC < 70% or < LLN); self-reported allergies to dust, animals, pollen, food

or medication; and/or self-reported contact allergies.

Genotyping, quality control and imputation. DNA samples were genotyped with the Illumina CytoSNP-

12v2 array. SNP filtering was done on minor allele frequency (MAF) above 0.001, Hardy-Weinberg
equilibrium (HWE) P-value >1e-4, call rate of 0.95. Sample filtering was done on a call rate of 0.95
and a principal component analysis (PCA) to check for population outliers. Genotypes were pre-phased

using SHAPEIT2 and aligned to reference panels wusing Genotype Harmonizer
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[www.molgenis.org/systemsgenetics] in order to resolve strand issues. The samples were imputed using

Minimac (v2012.10.3).

Association analysis. Logistic regression analyses were performed on imputed genotype dosages using

PLINK version 1.90b3.32. Analyses were adjusted for age and sex.

Acknowledgements and Funding. The LifeLines Biobank initiative has been made possible by funds

from FES (Fonds Economische Structuurversterking), SNN (Samenwerkingsverband Noord
Nederland) and REP (Ruimtelijk Economisch Programma). The authors wish to acknowledge the
services of the LifeLines Cohort Study, the contributing research centres delivering data to LifeLines,

and all the study participants.

TwinGene (n=5,517)

Sample ascertainment and phenotype definition. The TwinGene project, conducted between 2004 and

2008, is a population-based Swedish study of twins born between 1911 and 1958. The study
participants have previously participated in a telephone interview called Screening Across the Lifespan
Twin Study (SALT), conducted between 1998 and 2002. To be included in TwinGene, both twins
within a pair had to be alive. In total, 12,591 individuals participated by donating blood at the study
participants’ local healthcare facilities, and by answering questionnaires about life style and health.
Asthma was defined as: 1) answered YES to: “You have said that you have or have had asthma,
have you been diagnosed with asthma by a physician at the clinic or hospital?”; or 2). Received at least
one of the following diagnoses in the Swedish National Patient Register: ICD-10 J45 or J46 and ICD-9
493; or 3) Had at least two dispenses for any of the following prescriptions in the Swedish Prescribed

Drug Register: ATC-codes RO3AC, RO3AK, RO3BA or RO3DC. Exclusion: Those who had received
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the diagnosis COPD (extracted from the National Patient Register ICD-10 J44 or ICD-9 490).

Hayfever was defined if the study participant had answered YES to at least one of the
following: 1) “You have said that you have or have had hay fever, have you been diagnosed with hay
fever by a doctor”; or 2) “You have said that you have or have had pollen allergy, have you been
diagnosed with pollen allergy by a physician at the clinic or hospital?”’; or 3) “You have said that you
have or have had fur allergies, have you been diagnosed with fur allergies by a physician at the clinic or
hospital?”

Eczema was defined if an answer YES to the following: “You have said that you have or have
had eczema, have you been diagnosed with eczema by a physician at the clinic or hospital?” and
chosen one of the following to the question “What diagnosis did you get?”: 1) atopic eczema; or 2)
atopic dermatitis.

Exclusion for the controls was if any of above criteria were met, if they had any dispense of
ATC codes RO3AC, RO3AK, RO3BA or RO3DC; if they had celiac disease or was lactose intolerant; if
they had COPD (extracted from the National Patient Register ICD-10 J44 or ICD-9 490); or if they

answered yes to any other allergy or eczema.

Genotyping, quality control and imputation. DNA was extracted from whole blood using the Puregene

extraction kit (Gentra systems, Minneapolis, USA). After excluding subjects with DNA concentration
below 20ng/ul and 302 previously genotyped individuals, DNA from 9,896 individual subjects was
sent to the SNP&SEQ Technology Platform Uppsala, Sweden for genome-wide genotyping with
Illumina OmniExpress bead chip (all available dizygous twins and one twin from each available MZ
twin pair). Genotyping results for 9,836 subjects passed the initial technical quality control. Additional
QC filtering was applied as follows: SNPs with missingness > 3%, individuals with missingness > 3%,

SNPs with minor allele frequency < 1%, SNPs out of Hardy-Weinberg equilibrium (exact test P-value
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< 10-7) were excluded. Further, individuals where genotype-based sex did not match phenotype
information, individuals with excess autosomal heterozygosity (> 5 standards deviations from
population mean), and cryptically related individuals were excluded. 9,617 individuals passed this
filtering. The actual number of samples used for the present analyses was limited by the available
phenotype data, and is presented in Supplementary Table 2. Genotypes were imputed to the 1000

genomes phase 1 version 3 reference panel using minimac (v2012-10-03) and machl version 1.0.18.c.

Association analysis. Analyses were performed on imputed genotype dosages using PLINK version

1.90b3.36. Only one individual per twin pair was included. In outcome-discordant twin pairs, cases
were preferably selected. In concordant pairs, one individual with available genotype data was selected

at random. Analyses were adjusted for sex and the first four ancestry principal components.

ALSPAC (n=4,964)

Sample ascertainment and phenotype definition. The Avon Longitudinal Study of Parents and Children

(ALSPAC) recruited 15,247 pregnant women resident in Avon, UK with expected dates of delivery 1st
April 1991 to 31st December 1992, resulting in 14,775 live births and 14,701 children who were alive
at 1 year of age. Enrolment is described in more detail in the cohort profile paper ?” and via the website
http://www.bris.ac.uk/alspac/researchers/data-access/data-dictionary/. Biological samples including
DNA have been collected for 10,121 of the children from this cohort. Ethical approval for the study
was obtained from the ALSPAC Ethics and Law Committee and the Local Research Ethics Committees
and written and informed consent was provided by the parents. The children have been followed up
with regular questionnaires and clinic visits. For the current study data collected from the
questionnaires was used to classify children as allergic disease cases or controls. When the children

were approximately 10 years old, parents were asked if a doctor had ever stated that their child has
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asthma or eczema. When the children were approximately 14 years old, parents were asked if their
child had ever had hay fever. Cases were defined as a positive response to the asthma, or eczema or hay

fever questions. Controls were defined as a negative response to all three.

Genotyping, quality control and imputation. DNA samples were genotyped using the Illumina

HumanHap550 quad chip genotyping platforms. GWAS data was generated by Sample Logistics and
Genotyping Facilities at Wellcome Sanger Institute and LabCorp (Laboratory Corportation of America)
using support from 23andMe. The resulting raw genome-wide data were subjected to standard quality
control methods. Individuals were excluded on the basis of gender mismatches; minimal or excessive
heterozygosity; disproportionate levels of individual missingness (>3%) and insufficient sample
replication (IBD < 0.8). Population stratification was assessed by multidimensional scaling analysis
and compared with Hapmap Il (release 22) European descent (CEU), Han Chinese, Japanese and
Yoruba reference populations; all individuals with non-European ancestry were removed. SNPs with a
minor allele frequency of < 1%, a call rate of < 95% or evidence for violations of Hardy-Weinberg
equilibrium (P < 5E-7) were removed. Cryptic relatedness was measured as proportion of identity by
descent (IBD > 0.1). Related subjects that passed all other quality control thresholds were retained
during subsequent phasing and imputation. 9,115 subjects and 500,527 SNPs passed these quality
control filters.

Imputation was carried out on the ALSPAC children in combination with the mothers. We
combined 477,482 SNP genotypes in common between the sample of mothers and sample of children.
We removed SNPs with genotype missingness above 1% due to poor quality (11,396 SNPs removed)
and removed a further 321 subjects due to potential ID mismatches. This resulted in a dataset of 17,842
subjects containing 6,305 duos and 465,740 SNPs (112 were removed during liftover and 234 were out

of HWE after combination). We estimated haplotypes using ShapelT (v2.r644) which utilises
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relatedness during phasing. We obtained a phased version of the 1000 genomes reference panel (Phase
1, Version 3) from the Impute2 reference data repository (phased using Shapelt v2.r644, haplotype
release date Dec 2013). Imputation of the target data was performed using Impute V2.2.2 against the
reference panel (all polymorphic SNPs excluding singletons), using all 2,186 reference haplotypes
(including non-Europeans). This gave 8,237 eligible children and 8,196 eligible mothers with available
genotype data after exclusion of related subjects using cryptic relatedness measures described

previously.

Association analysis. Genome-wide association analysis was carried out using an additive model in

SNPTESTV2.5, with sex as a covariate. For the X chromosome, sex-specific analyses were run,
assuming X inactivation in the females. Results from males and females were then meta-analysed with

METAL ® using a fixed-effects model.

Acknowledgements and Funding. We are extremely grateful to all the families who took part in this

study, the midwives for their help in recruiting them, and the whole ALSPAC team, which includes
interviewers, computer and laboratory technicians, clerical workers, research scientists, volunteers,
managers, receptionists and nurses. The UK Medical Research Council and the Wellcome Trust (Grant
ref: 102215/2/13/2) and the University of Bristol provide core support for ALSPAC. GWAS data was
generated by Sample Logistics and Genotyping Facilities at the Wellcome Trust Sanger Institute and
LabCorp (Laboratory Corporation of America) using support from 23andMe. LP was funded by a UK
MRC fellowship award (MR/J012165/1). LP, JZ, EM, CM, KB work in a unit funded by the UK MRC

(MC_UU_12013).

SALTY (n=4,062)
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Sample ascertainment and phenotype definition. The study participants had participated in a telephone
interview called Screening Across the Lifespan Twin Study (SALT), conducted between 1998 and
2002. The target population for SALTY was the younger part of the SALT cohort born between 1943
and 1958. The data collection consisted of three parts: (1) an extensive self-report paper-questionnaire;
(2) saliva collection for DNA extraction; and (3) a request to participate in an Internet-based
investigation. Saliva samples were collected from the study participants either by mail in connection
with invitation to the study. Some of the participants in SALTY were also prior participants of
TwinGene — if they had already provided a blood sample they were not also asked to provide saliva.
Case-control definition for asthma, hay fever and eczema followed the same approach described for

the TwinGene study described above.

Genotyping, quality control and imputation. As described above for the CATSS study.

Association analysis. As described above for the CATSS study.

AAGC (n=2,435)

Sample ascertainment and phenotype definition. A total of 2,669 physician-diagnosed asthmatics and

4,528 persons without asthma of European ancestry were genotyped for a recent GWAS of asthma
described in detail elsewhere %. For the present study, we selected the subset of participants for whom
hayfever and eczema information was also available, including 1,975 individuals with a history of
asthma, hayfever and/or eczema (as cases) and 460 individuals without a history of any of these three
diseases (as controls). Cases and controls were drawn from three studies: Queensland Institute of
Medical Research (QIMR: 1,008 cases, 432 controls), the Lung Institute of Western Australia (LIWA:

599 cases, 28 controls), and the Tasmanian Longitudinal Health Study (TAHS: 368 cases). The
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questionnaire items used to classify hay fever in each of these studies have been described previously
% To classify eczema in the QIMR study, X different items were used: 1) Canberra sub-study: “How
often have you had Eczema? Cases: “Only as a child”, “Rarely” or “Quite often”. Controls: “Never”. 2)
ALC1 sub-study: How often have you had Eczema [before and after age 14]? Cases: “Sometimes” or
“Often”, before or after age 14. Controls: “Never”, before and after age 14. 3) Asthma sub-study:
“Have you ever had eczema? Cases: “Yes”. Controls: “No”. 4) Eczema sub-study: Has a doctor ever
diagnosed you as suffering from Eczema? Cases: “Yes”. Controls: “No”. 5) Adolescent sub-study:
“Have you ever suffered from eczema?” Cases: “Yes”. Controls: “No”. In the LIWA and TAHS studies,

eczema was classified based on the question “Have you ever had eczema?”.

Genotyping, quality control and imputation. AAGC. All 2,435 samples were genotyped with the

lllumina 610K array. SNPs were excluded from analysis if the call rate was <95%, minor allele
frequency (MAF) < 0.01 and Hardy-Weinberg equilibrium test P-value < 10-6. SNPs passing QC were
then used to impute with Impute2 5.7 million variants with a MAF > 0.01 and information > 0.3 using
the combined 1000 Genomes Project and HapMap 3 phased data (all ancestral groups) as reference
panels. X chromosome SNPs (N =140,388 with MAF > 0.01) were imputed with r> > 0.3 with
MACH/minimac using the 1000G Phase | Integrated Release Version 3 (N = 584 European haplotypes)
release of the 1000 Genomes Project. All subjects were confirmed to be unrelated and of European

ancestry through the analysis of genome-wide allele sharing.

Association analysis. SNPs were tested for association with case-control status using logistic regression

in SNPTEST, with the options -method expected and -frequentist 1. Sex and age were included as
covariates. X-chromosome SNPs were analysed with logistic regression under an additive model

(dosage for imputed variants) using MACH2DAT and assuming a dosage compensation model, ie.
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equating hemizygous males to homozygous females, such that the allelic dosage extremes for males
were 0 (if A/-, as for AA females) and 2 (if B/-, as for BB females). Males and females were analysed

separately, and results then meta-analysed with METAL ?® using a fixed-effects model.

Acknowledgments and funding. We thank all participants of the QIMR, TAHS and LIWA studies, who

made this project possible. The AAGC was funded by a grant from the NHMRC (project ID 613627).

M.A.F. was supported by a Research Fellowship from NHMRC (APP1124501).

GENEVA (n=2,633)

Sample ascertainment and phenotype definition. Atopic dermatitis patients were recruited from tertiary

dermatology clinics based at three centers (Technische Universitdat Mlinchen, as part of the GENEVA
study, University of Kiel, University of Bonn) and diagnosed on the basis of skin examination by
experienced dermatologists according to standard criteria **. Comorbidities of asthma and hayfever
were recorded during physical examination. Individuals from the population-representative PopGen
biorepository ** and the population-based KORA F4 study ** were comprehensively characterized for

allergic phenotypes. AD, asthma and hayfever were defined based on a questionnaire.

Genotyping, quality control and imputation. Individuals were genotyped using the Affymetrix 6.0 or

Illumina 550k array. Samples with extensive missing rate (>5%), excess of heterozygosity or
homozygosity, and/or ambiguous sex were excluded. We examined allele sharing between individuals
and excluded close relatives (PI_HAT>0.1875, which is the IBD expected between third- and second
degree relatives) as well as outliers of unusual ancestry by MDS analysis. SNPs were excluded if
genotyping rate was <95%, minor allele frequency was <1%, and/or Hardy-Weinberg equilibrium

P<10-8. Imputation was carried out separately by array type. Pre-phasing was carried out with
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SHAPEIT ** and imputation with IMPUTE2 ° using phase | 1000 Genomes reference panel (integrated
variant set of all populations, release March 2012). Post imputation SNPs with low imputation quality
(info score<0.4), call rate <95%, deviation from Hardy-Weinberg equilibrium (P<10-8) or minor allele

frequency <5% were excluded.

Association analysis. Association analysis was carried out with SNPTEST using a frequentist approach

with allele dosages (option —method expected) to account for imputation uncertainty adjusted. Sex was
included as a covariate. For the X-chromosome, males and females were analysed separately assuming
full X inactivation in females, and results then meta-analysed with METAL 2® using a fixed-effects

model.

Acknowledgments and funding. The project received infrastructure support through the DFG Clusters

of Excellence “Inflammation at Interfaces” (grants EXC306 and EXC306/2), and was supported by the
German Federal Ministry of Education and Research (BMBF) within the framework of the e:Med
research and funding concept (sysINFLAME, grant # 01ZX1306A), and the PopGen 2.0 network
(01EY1103). The KORA study was initiated and financed by the Helmholtz Zentrum Minchen —
German Research Center for Environmental Health, which is funded by the German Federal Ministry
of Education and Research (BMBF) and by the State of Bavaria. Furthermore, KORA research was
supported within the Munich Center of Health Sciences (MC-Health), Ludwig-Maximilians-

Universitat, as part of LMUinnovativ.

GENUFAD-SHIP-1 (n=1,781)

Sample ascertainment and phenotype definition. Atopic dermatitis patients were recruited at Charité

Universitatsmedizin Berlin, Germany for the extended GENUFAD study (GEnetic analysis of NUclear
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Families with Atopic Dermatits) and have been described previously (Berlin cases from Set 1 3*%).
Children of the extended GENUFAD study were recruited through early onset eczema (<2years) with
moderate to severe disease expression, which was diagnosed by a physician according to standard
criteria %. In addition, asthma status and hay fever status were determined at recruitment by a
physician. A total of 417 atopic dermatitis patients were included in the present study. Controls
originated from the population-based Study of Health in Pomerania (SHIP) ¥, which recruited
individuals in the north-eastern part of Germany. Only those individuals were included as controls who
at recruitment had confirmed in an interview not to have eczema, asthma, or hay fever. The SHIP set
was split for two case-control studies by a random function. 1364 unrelated individuals were included

in SHIP-1.

Genotyping, quality control, and imputation. All cases and controls were genotyped with Affymetrix

Genome-Wide Human SNP Array 6.0. Individuals with a call rate < 0.95 were excluded from the study.
In addition, samples were excluded when the gender estimated from X-chromosome heterozygosity
(PLINK —sex check) did not match the clinical records. European ancestry of all participants was
confirmed by performing a principal component analysis using EIGENSTRAT (SMARTPCA) %,
Relatedness between individuals was determined by using GRR and Structure.

Before imputation, SNPs were filtered out according to the following criteria: i) low call rate (< 0.95 in
cases or controls); ii) low allele frequency (MAF < 0.01 in cases or controls); iii) genotypes out of
Hardy-Weinberg equilibrium (p <0.00001 in cases or p< 0.0005 in controls). In addition, SNPs with a
call rate lower than 0.99 were excluded if having MAF < 0.05 or if they were out of Hardy-Weinberg
equilibrium (p <0.001). Only SNPs fulfilling the above mentioned QC were used in subsequent steps.
Genotypes from cases and controls were recoded to the plus strand according to the 1000Genomes

phasel / GIANT data using the —flip command from PLINK 3. Additional markers were deleted if: i) 3
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alleles were detected ii) the allele frequencies in the SHIP control population differed more than 0.1
compared with the frequency in 379 Europeans available from the 1000 Genomes project. After
filtering, 643,539 SNPs remained in the analysis. All samples were imputed together with

Mach/Minimac {Howie, 2012; Li, 2010) using the 1000Genomes phasel / GIANT reference panel.

Association analysis. Association between SNP dosage and disease status was tested with logistic

regression using Mach2dat v1.0.23, with sex and two ancestry principal components (PCs) included as

covariates.

Acknowledgements and funding. We thank all individuals and families for their participation in this

study. We thank all physicians and nurses involved in patient recruitment for their valuable contribution
to the study. We are grateful to the laboratory technicians C. Flachmeier and T. Thuss for their work.
The study was funded by the German Ministry of Education and Research (BMBF) through the
Clinical Research Group for Allergy at Charité Berlin, the National Genome Research Network
(NGFN). The SHIP authors are grateful to Mario Stanke for the opportunity to use his server cluster for
SNP imputation. We thank all staff members and participants of the SHIP studies, as well as all of the
genotyping staff for generating the SHIP SNP data set. SHIP is part of the Community Medicine
Research net of the University of Greifswald, Germany, which is funded by the Federal Ministry of
Education and Research (grants no. 01279603, 01220103, and 01Z2Z0403), the Ministry of Cultural
Affairs as well as the Social Ministry of the Federal State of Mecklenburg-West Pomerania, and the
network ‘Greifswald Approach to Individualized Medicine (GANI MED)’ funded by the Federal
Ministry of Education and Research (grant 031S2061A). Genome-wide data were supported by the
Federal Ministry of Education and Research (grant 03Z1K012) and a joint grant from Siemens

Healthcare, Erlangen, Germany, and the Federal State of Mecklenburg—West Pomerania. The
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University of Greifswald is a member of the 'Center of Knowledge Interchange' program of the

Siemens AG and the Caché Campus program of the InterSystems GmbH.

GENUFAD-SHIP-2 (n=1,735)

Sample ascertainment and phenotype definition. All atopic dermatitis patients were recruited at Charité

Universitatsmedizin Berlin for the GENUFAD study (GEnetic analysis of NUclear Families with
Atopic Dermatitis) and have been described in a previous GWAS (set 2 in original study {Esparza-
Gordillo, 2009}). 270 German families were recruited through two affected siblings with an age of
onset below two years of age and moderate to severe disease expression. AD was diagnosed by a
physician according to standard criteria *. In addition, asthma status and hay fever status were
determined at recruitment. One affected child was selected from each family. A total of 262 unrelated
atopic dermatitis patients were included in the present study. Controls originated from the population-
based Study of Health in Pomerania (SHIP) *", which recruited individuals in the north-eastern part of
Germany. Only those individuals were included as controls who at recruitment had confirmed in an
interview not to have eczema, asthma, or hay fever. The SHIP set was split for two case-control studies

by a random function. 1473 unrelated individuals were included in SHIP-2.

Genotyping, quality control, and imputation. All cases were genotyped with Affymetrix 500K array and

only samples with a high call rate (>0.95) were included in the analysis. Controls were genotyped with
Affymetrix Genome-Wide Human SNP Array 6.0 and were excluded if the call rate was <0.96. From
both sets, cases and controls, samples were excluded if the gender estimated from X-chromosome
heterozygosity (PLINK —sex check) did not match the clinical records. European ancestry of all
participants was confirmed by performing a principal component analysis using EIGENSTRAT

(SMARTPCA) *. Relatedness between individuals was determined by using GRR and Structure. SNPs
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from the 500K array were filtered as previously described ** according to the following criteria: i) low
call rate (< 0.95); ii) low allele frequency (MAF < 0.01); iii) Mendelian errors in 5 or more families; iv)
unlikely genotypes in more than 5 families (double recombinants as detected by Merlin *; v) founder
genotypes out of Hardy-Weinberg equilibrium (p < 0.00001). In addition, SNPs with a call rate lower
than 0.99 were excluded if having MAF < 0.05 or if they were out of Hardy-Weinberg equilibrium (p <
0.001). SNPs on the Human SNP Array 6.0 were excluded if having: i) low call rate ( < 0.97), ii) low
allele frequency (MAF < 0.01), iii) genotypes out of Hardy-Weinberg equilibrium (p < 0.0005). In
addition, SNPs with a call rate lower than 0.99 were excluded if having MAF < 0.05 or if they were out
of Hardy-Weinberg equilibrium (p <0.001). Only SNPs fulfilling the above mentioned QC and
overlapping between both sets were used in subsequent steps, non-overlapping SNPs were excluded.
Genotypes from cases and controls were recoded to the plus strand using the —flip command from
PLINK * and merged. Additional markers were deleted if: i) 3 alleles were detected ii) the allele
frequencies in the SHIP control population differed in more than 0.1 to the 379 Europeans available
from the 1000 Genomes project. After filtering, 345407 SNPs remained in the analysis. All samples
were imputed together with Mach/Minimac {Howie, 2012; Li, 2010) using the 1000Genomes phasel /

GIANT reference panel.

Association analysis. Association between SNP dosage and disease status was tested with logistic

regression using Mach2dat v1.0.23, with sex and two ancestry principal components (PCs) included as

covariates.

Acknowledgements and funding. We thank all individuals and families for their participation in this

study. We thank all physicians and nurses involved in patient recruitment for their valuable contribution

to the study. We are grateful to the laboratory technicians C. Flachmeier and T. Thuss for their work.
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The study was funded by the German Ministry of Education and Research (BMBF) through the
Clinical Research Group for Allergy at Charité Berlin, the National Genome Research Network
(NGFN). The SHIP authors are grateful to Mario Stanke for the opportunity to use his server cluster for
SNP imputation. We thank all staff members and participants of the SHIP studies, as well as all of the
genotyping staff for generating the SHIP SNP data set. SHIP is part of the Community Medicine
Research net of the University of Greifswald, Germany, which is funded by the Federal Ministry of
Education and Research (grants no. 01229603, 01220103, and 01ZZ0403), the Ministry of Cultural
Affairs as well as the Social Ministry of the Federal State of Mecklenburg-West Pomerania, and the
network ‘Greifswald Approach to Individualized Medicine (GANI MED)’ funded by the Federal
Ministry of Education and Research (grant 031S2061A). Genome-wide data were supported by the
Federal Ministry of Education and Research (grant 03Z1K012) and a joint grant from Siemens
Healthcare, Erlangen, Germany, and the Federal State of Mecklenburg—West Pomerania. The
University of Greifswald is a member of the 'Center of Knowledge Interchange' program of the

Siemens AG and the Caché Campus program of the InterSystems GmbH.

HUNT (n=19,564)

Sample ascertainment and phenotype definition. The Nord-Trgndelag Health Study (HUNT) is a series

of population-based health studies conducted in the county of Nord-Trendelag, Norway. The study was
carried out at three different time points over approximately 20 years (HUNT1 [1984-1986], HUNT2
[1995-1997] and HUNT3 [2006-2008]]) {Krokstad, 2013}. At each study, the entire adult population (>
20 years) was invited to participate by completing questionnaires, attending clinical examinations and
interviews. Participation rates have generally been high: 89.4% (n=77,212), 69.5% (n=65 237) and
54.1% (n=50 807) in HUNT1, HUNT2 and HUNTS, respectively “°. Taken together, the health studies

included information from over 120,000 different individuals from Nord-Trgndelag. Biological samples
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including DNA have been collected for approximately 70,000 participants. The HUNT Study has been
described in more detail elsewhere “°. For the present study, we included participants from HUNT2 and
HUNTS3 as information on allergic disease was not available in HUNT1. Asthma cases were defined by
a positive response to the question “Have you been diagnosed as having asthma by a doctor?” in
HUNT2 and/or “Has a doctor diagnosed you as having asthma?” in HUNT3. Participants with
inconsistent responses and those also reporting self-reported ever or self-reported doctor-diagnosed
COPD were excluded. Hay fever cases were defined by a positive response to the questions “Do you
have hay fever or nasal allergies?” and/or “Do you have or have you had hay fever or nasal allergies?”
in HUNTS3. Participants with inconsistent responses were excluded. Eczema cases were defined by a
positive response to the questions “Have you had or do you have any of the following diseases: Eczema

on hands” in HUNT3.

Genotyping, quality control and imputation. In total, DNA from 71,860 HUNT samples was genotyped

using one of three different Illlumina HumanCoreExome arrays (HumanCoreExomel2 v1.0,
HumanCoreExomel2 v1.1 and UM HUNT Biobank v1.0). Samples that failed to reach a 99% call rate,

*large chromosomal copy number

had contamination > 2.5% as estimated with BAF Regress
variants, lower call rate of a technical duplicate pair and twins, gonosomal constellations other than XX
and XY, or whose inferred sex contradicted the reported gender, were excluded. Samples that passed
quality control were analysed in a second round of genotype calling following the Genome Studio
quality control protocol described elsewhere 2. Genomic position, strand orientation and the reference
allele of genotyped variants were determined by aligning their probe sequences against the human

genome (Genome Reference Consortium Human genome build 37 and revised Cambridge Reference

Sequence of the human mitochondrial DNA; http://genome.ucsc.edu) using BLAT “%. PLINK v1.90 **

was then used to exclude variants if their probe sequences could not be perfectly mapped, cluster
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separation was < 0.3, Gentrain score < 0.15, showed deviations from Hardy Weinberg equilibrium in
unrelated samples of European ancestry with p-value < 0.0001), had a call rate < 99%, or another assay
with higher call rate genotyped the same variant. Ancestry of all samples was inferred by projecting all
genotyped samples into the space of the principal components of the Human Genome Diversity Project
(HGDP) reference panel (938 unrelated individuals; downloaded from

http://csg.sph.umich.edu/chaolong/LASER/) ***®, using PLINK. Recent European ancestry was defined

as samples that fell into an ellipsoid spanning exclusively European populations of the HGDP panel.
The different arrays were harmonized by reducing to a set of overlapping variants and excluding
variants that showed frequency differences > 15% between data sets, or that were monomorphic in one
and had MAF > 1% in another data set. The resulting genotype data were phased using Eagle2 v2.3 *.
Imputation was performed on the samples of recent European ancestry using Minimac3 (v2.0.1,

http://genome.sph.umich.edu/wiki/Minimac3)*® and the Haplotype Reference Consortium reference

panel (release version 1.1) *°. A maximal set of relatively unrelated individuals (kinship coefficient <
0.0884) was chosen using KING ** and Fastindep *°. After restricting to the above and those with

available phenotype information, 19,564 individuals were included in the analysis sample.

Association analysis. Association analysis were conducted using EPACTS-3.3. The SNP-phenotype

associations were modeled using the Wald statistic in logistic regression, assuming an additive genetic
model for genotyped markers and imputed genotypes. Models were adjusted for sex, birth year,
genotyping batch and four principal components (PCs). PCs were computed using PLINK. Additional

filters applied to the analysis included MAF > 0.5% and imputation r? > 0.3.
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6. Literature supporting a possible role in allergic disease for genes highlighted in Table 1

Gene

References

RERE

51-54

PPP2R3C

55-58

RASA2

59-61

SIK2

62,63

RTF1

64-67

SMARCEL1

68

DYNAP

69,70

THEM4

7172

ARHGAP15

73-76

SENP7

77

44



7. Procedure used to identify variants reported to be associated with allergic disease in previous
GWAS

We downloaded the full NHGRI-EBI GWAS catalog database "® on August 14, 2017 (file
gwas_catalog v1.0.1-associations_e89 r2017-07-31.tsv). We then identified SNP associations with a
P<5x10® and that were reported for an allergic condition, specifically for which the
“MAPPED _TRAIT” variable included the terms “allergic rhinitis”, “allergic sensitization”, “allergy”,
“asthma”, “eczema” and “atopic march”. There were 240 such associations reported in 34 studies. Of
these, we excluded 23 associations reported in four studies because they were for asthma age-of-onset
(two associations)”, diisocyanate-induced asthma (eight associations)®®, comparative analyses of
psoriasis and atopic dermatitis [AD] (10 SNPs co-associated with psoriasis and AD)* and rank-based
analyses (three associations)®2. The remaining 217 associations included 185 unique rs IDs. We then
used the --clump procedure in PLINK * and genotype data from individuals of European descent from
the 1000 Genomes Project ® (n=294, release 20130502_v5a) to reduce this list of 185 SNPs to variants
in low linkage disequilibrium (LD) with each other (r?<0.05), which are likely to represent statistically
independent associations with allergic disease. After excluding four variants that were not in the 1000
Genomes Project dataset used and were located within 1 Mb of other published allergy risk variants
(rs7212938 [in GSDMA], rs10056340 [near TSLP], rs9273349 and rs3095318 [both in the MHC]), we
identified 89 variants in low LD with each other. We then identified the earliest GWAS to report an
association with each of these 89 variants (or with a SNP with r?>0.05 with it) and used the year of

publication to generate Supplementary Fig. 2.
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8. Procedure used to identify genes that were unlikely to have been previously implicated in the
pathophysiology of allergic disease

We performed the following PubMed query on August 14th, 2017: (asthma OR rhinitis OR eczema OR
atopic OR dermatitis OR allergy OR allergi* OR hayfever OR "hay fever") AND (genel OR
genel_aliases OR gene2 OR gene2_aliases OR ... OR genel32 OR genel32_aliases). The gene
symbols approved by the HUGO Gene Nomenclature Committee (HGNC) for each of the target genes,
as well as all aliases listed in the Bioconductor package org.Hs.eg.db, were inserted into the second part
of that query. The search was restricted to the title and abstract fields. The search results were
downloaded as an .xml file and the number of unique articles (based on PMID) co-citing the allergy-
related terms and each gene symbol/alias was counted using in-house scripts (results in
Supplementary Table 15). The articles identified were reviewed to confirm that the gene symbol/alias
term was cited to refer to the appropriate gene and not as an abbreviation for an unrelated term (e.g.
MBP1 used as abbreviation for major basic protein 1, and not as an alias for the EFEMP2 gene). When
that was the case, the ambiguous alias term was dropped and the search query repeated. To identify
genes likely to have been implicated in immune-related processes, we repeated this approach but

replaced the first part of the PubMed query with (immune OR immuni* OR immunol*).
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